The crucial property of particle colliders is their ability to convert (e.g. electrical) energy into the mass of heavy particles. We have become used to the extremely low efficiency of this conversion and the severe limitations on the mass scale of heavy particles which can be reached. In view of this situation, it appears reasonable to ask whether a perfect conversion machine of this type (a perfect 'collider') exists even in principle and whether there is a highest mass scale which can be reached by such a machine. It turns out that, with a number of assumptions, such a machine is conceivable in a world with a strongly-coupled, approximately scale invariant 4d field theory with 5d gravity dual. This machine can be realized as a 5d tower built on the IR brane (in Randall-Sundrum model language). Transporting mass to the tip of this tower is, under certain conditions, equivalent to producing heavy point-like 4d particles. Hence, this can be thought of as a perfect 'collider'. However, this machine can only reach a certain maximal energy scale, which falls as the gravity-dual of the 4d QFT approaches the strong coupling domain. On these grounds, one might expect that a no-go theorem (in the spirit of that of Carnot for the conversion of heat into work) exists for weakly-coupled QFTs. We end with some speculations about collider efficiencies at weak coupling, involving possibly the concept of entanglement entropy.
Introduction
The production of very heavy particles is one of the main goals of modern experimental particle physics. The method of choice is the acceleration of beams of charged particles (i.e. the conversion of electrical into kinetic energy) and their subsequent collision (i.e. the conversion at least a small fraction of that kinetic energy into the mass of heavy particles). While in practice the longevity of these particles has always been very limited, the production of stable very heavy states (such as the famous WIMP possibly making up dark matter) is most certainly conceivable.
In this context, one naturally encounters the following apparently very basic and general question: Does there exist, at least in principle, a perfect machine for the conversion of work into mass of heavy particles? To give an extreme example, is it conceivable to take just 543 kWh = 1.22 × 10 19 GeV from the electrical grid and covert them into one Planck mass particle?
It is, of course, well known that conventional colliders with this energy reach are very hard to imagine. Furthermore, even the production of e.g. 100 Higgs bosons is energetically much more expensive than the equivalent amount of electrical energy would suggest. But the question remains whether this is just due to our insufficient ingenuity or the limited technological progress made so far by mankind, or whether there exists some fundamental limitation.
Unfortunately, the present paper fails by a large margin to answer this extremely interesting question. However, it will at least outline a somewhat unusual (AdS/CFTbased [1] ) way to think about problems of this type. In this context, a suggestion for a perfect energy conversion machine can be made. It will turn out that the reach of this type of machine is limited and that this range becomes small as the underlying 4d QFT becomes weakly coupled. This appears to at least hint at the existence of a fundamental no-go theorem for a prefect machine in 4d weakly coupled QFT (which is what we are apparently stuck with in this part of the multiverse).
The paper is organized as follows: Sect. 2 shows that, if our world were described by a Randall-Sundrum (RS) model [2] , a 5d tower built on the IR brane (and ideally reaching the UV brane) can be thought of as a perfect (Planck scale) collider. This is almost obvious since a simple 5d elevator, using electrical energy with an energy conversion efficiency near unity, could now be employed to 'UV-shift' massive particles. Thus, as a first step, a very simple 'toy-tower' (a horizontal mirror supported by radiation pressure) is considered. It turns out that only a certain limited height can be reached.
Sect. 3 discusses an actual tower (made from some imagined 5d analogue of solid matter consisting e.g. of 5d 'atoms') and its maximal height. The result turns out to be similar to that of the previous Section. Thus, both models suggest that only a certain limited maximal energy can be reached by our ideal collider. The maximal height of the tower (and hence the 'collider' energy) falls with growing 5d curvature. This suggests that in weakly coupled 4d QFT (where the AdS dual is strongly curved), no 'perfect collider' can be built even in principle. We attempt to support this by some simple considerations concerning the maximal energy conversion efficiency of colliders directly in 4d. We will also comment on some of the previous ideas concerning 'Planck scale colliders', see e.g. [3] [4] [5] .
The final section is devoted to a brief summary, a discussion of open questions, and further speculations.
2 Colliders vs. elevators in the Randall-Sundrum model 2.1 How towers in RS models can be used to produce heavy particles Our use of the AdS/CFT proposal will be limited to its simple yet very concrete and intuitive implementation in RS type models. To be very specific, we take the AdS metric in the form
where k sets the AdS curvature scale. Our discussion is based on the action [2]
Here the compact space is the interval y ∈ [0, y U V ], with gravity and some 5d field theory in the bulk and two 4d theories at the boundaries (coupled to the induced metrics g IR and g U V ). Appropriate 5d and 4d cosmological constants have been absorbed in the lagrangians for brevity. As in the celebrated proposal for the solution of the hierarchy problem [2] , we take 'our' QFT to be IR-brane-localized. Furthermore, and this is the crucial and non-trivial step, we imagine that future technology will allow us to penetrate the bulk and construct '5d robots' capable of manipulating structures in 5d, at least near the IR brane (cf. Fig. 1 ).
To be very clear, the point here is not that an RS model will actually be discovered at the LHC. Neither do we really hope that we will learn to manipulate structures at length scales of TeV −1 (which is equivalent to manipulating structures in the bulk). We are here considering a 'model universe', not too dissimilar from our own, where the question of probing the Planck scale appears with an interesting twist (as we will presently explain).
Before doing so, we recall some familiar facts about the setting described above (so far without any robots) and its AdS/CFT interpretation (see e.g. [6, 7] ): First, we dimensionally reduce to 4d and Weyl-rescale the 4d metric g 4 to ensure that g 4 = g IR . The resulting 4d effective theory of this compactification includes 4d gravity (with a Planck scale set by M 2 4 ∼ kM 3 5 exp(2ky U V )) and a strongly coupled sector (the KK modes of 5d gravity and L 5d ). This sector is approximately conformal in the energy range k E k exp(ky U V ). Furthermore, the 4d effective theory also includes the two (by assumption weakly coupled) 4d field theories governed by L IR and L U V . If these two lagrangians, as they appear in (2) , are governed by mass parameters M 1 and M 2 , then the two corresponding sectors of the resulting 4d effective theory will be governed by mass parameters M 1 and M 2 exp(ky U V ) respectively. This is the due to the different induced metrics at the two boundaries of our slice of AdS space. For simplicity, we set
From the 4d perspective, this setting looks rather conventional: One may think of it as of the 'Standard Model' (L IR with mass scale M ∼ TeV), some form of technicolor, 4d gravity, and a weakly coupled sector with very heavy particles (L U V with mass scale M exp(ky U V )). The point is that, if we can build a 5d tower (in the AdS interpretation of this model, cf. Fig. 1 ), then this corresponds to a perfect collider (in the sense of a machine for producing very heavy point-like particles) on the 4d side. We will shortly estimate the maximal height our 5d tower can reach, but before doing so let us argue in some detail that such a tower would be able to do the job of a conventional particle collider: Indeed, let us assume that L 5d contains some fundamental field of mass m (m ∼ M for simplicity). Corresponding particles can hence be produced by a conventional (i.e. IR-brane-bound) collider. This 5d field may also couple to a set of UV-brane fields, allowing e.g. its decay to two UV-brane particles of mass m and (1 − )m. Thus, if a 5d tower reaching the UV brane could be build, this would be equivalent to a perfect Planck scale collider: One would just have to create our 5d particles with a TeV-scale machine, transport them up the tower using conventional mechanical energy (e.g. in an elevator) and eventually let them decay to UV-brane particles of mass almost equal to m. From a 4d perspective, this corresponds to producing heavy, point-like particles (since L U V is supposed to be a weakly-coupled local lagrangian) of mass m exp(ky U V ) with energy conversion efficiency η coll. ∼ 1. (Here we ignore the (in)efficiency of our original 4d collider taking us up to the TeV domain.)
Toy model of a suspended mirror
Now it is unfortunately clear that a tower of some particular desired height (e.g. reaching the UV brane) can not be built in general. To understand the limitations, let us first focus on an (at least calculationally) simpler device which is sufficient for suspending an elevator: We add 5d photons to our list of assumptions and let a mirror float above the IR brane, supported by the pressure of photons bouncing back and forth between brane and mirror (cf. Fig. 2 ). Obviously, to construct the mirror and the elevator, we also have to assume that some form of structured, stable matter exists in 5d.
1 Governed by our 4d experience, we take this matter to consist of some small units ('atoms'). To simplify our analysis, we assume these 'atoms' to have mass and inverse size M . 2 We are interested in the lightest possible mirror, which will nevertheless have a thickness of at least a few 'atoms'. The (hyper)surface density of this object will hence be ρ s ∼ M 4 . (Note that this mirror extends in 3 spatial dimensions and hence the corresponding surface density has units of mass/(length) 3 .)
To determine the force required to support such a mirror, consider first a particle with mass m that is stationary at some height y. Its action is
where τ and t are the eigentime and the time at the IR brane respectively. It is apparent that the same particle, if stationary at height y + δy, has an action enhanced by a factor exp(k δy). Thus, 'lifting' a particle a distance δy costs an energy
from the perspective of the IR brane. Here the factor e ky appears as a 'blue-shift', because we took the IR-brane point of view. For a local observer at height y, lifting the same particle by δy costs an energy δE m k δy. The force required to support a particle m, and now we use the local perspective, is hence km.
Our mirror is supported by the vertically directed (both up and down) photon stream with energy momentum tensor
which is here given in a coordinate system with Minkowski metric in the vicinity of the mirror. To keep the mirror stationary, we need
in self-explanatory notation. This is the pressure (and hence energy density) at the position y of the mirror. Since each photon travels vertically (at constant x), the number of photons per unit-brane-surface (in the vicinity of the IR brane) is enhanced by exp(3ky). Furthermore, due to the gravitational redshift, each photon has an energy enhanced by exp(ky) when it is reflected by the IR brane. Thus, the energy density of our beam near the brane is
Assuming that the reflection of photons both at the IR brane and at our mirror is perfect, we can imagine that this configuration is stationary, without the need of continuous energy input. Nevertheless, the mirror had to be raised to its position y, which required the input of energy into the photon beam near the IR brane. Since we assume that such an energy input can be realized maximally at a scale M , we have the constraint ρ IR < M 5 . Comparing this with (7), we see that the maximal height y max which can be achieved is set by
In fact, there is an additional constraint arising from the danger of black hole formation (or, more generally, strong deformation of the 5d metric) in the region of high beam density. To see this, note that we actually have a layer of thickness ∼ 1/k of an approximate energy density ρ IR directly above the IR brane. We now estimate how large ρ IR can become before black holes are formed in this region. To do so, recall that the mass of a d-dimensional black hole of radius R is (see e.g. [8] )
This has to be compared to the relation between mass and radius of the corresponding smooth energy distribution:
Eliminating M BH from (9) and (10) and specifying d = 5, we determine the critical radius for black hole formation,
where M 5 is the 5d Planck mass. Now we substitute R c ∼ 1/k and ρ ≡ ρ IR (cf. (7)), in (11) and solve for exp(ky). This gives us another bound on the achievable height y,
supplementing (8) .
One possible interpretation is that (8) remains our basic formula for the maximal height but, due to (12), we in addition need to demand
i.e., 5d gravity has to be sufficiently weak. As outlined earlier, we assume that our mirror has been lifted together with an attached 5d elevator, such that we are now in possession of a collider with 'energy reach' (M/k) 1/4 . In other words, we can use e.g. photons at energy M to produce particles with mass M (M/k) 1/4 , with 100% energy efficiency (at least in principle). Obviously, we here do not include the one-time energy investment required for the construction of this 'collider'.
For example, the UV brane or 'Planck brane' of [2] could be located at the height y max given by (8) , in which case we could 'lift' energy to the Planck brane. Note that, due to the constraint (13), the 4d Planck mass (M 2 4 ∼ M 3 5 /k using the UV-brane induced metric) remains higher than M , such that we can never actually reach the 4d Planck scale using this type of 'perfect collider'.
It is obvious that our construction with a horizontal mirror and a vertical photon beam is far from optimal. It can be improved by making the floating mirror as small (in brane-parallel direction) as possible, curving it appropriately, and supporting it by a tapering photon beam arrangement. This clearly requires an appropriate mirror array at the IR brane. We do not pursue this analysis here but turn right-way to the construction of an (also tapering) 'real' tower made from solid material.
Weisskopf's famous argument [10] for the maximal height of mountains (expressed in terms of fundamental constants) to our situation. While his argument is energetic (sinking of the mountain vs. melting of the rock at the bottom of the mountain), we make an essentially equivalent force-based estimate:
First, as a warm up, let ky 1 such that exp(ky) 1 + ky. A rectangular 5d mountain with (constant!) cross section A and height y has mass Ayρ and exerts a force Ayρk on its base. The base can provide a force Ap. Hence, for a given constant p/ρ the maximal height is
While self-consistent with our linearization (since p/ρ < 1), this is clearly not interesting: The crucial energy reach of our 'collider' is exp(ky max ), which can hence not become large in our toy-model with constant cross section.
An optimal tower will taper towards its tip, such that each cross section is just large enough (assuming maximal vertical pressure at each point of the cross section) to support the part of the tower above. This clearly can be cast in the form of a differential equation for the cross section A(y), and we will do so shortly. The solution then determines the shape of the tower and, as we will see, its maximal height.
Naively, one might expect to find a complete solution of this simple and fundamental problem in engineering textbooks or papers. However, in real-world towers, wind pressure is the most important issue and (unlike our case) the gravitational field can be treated either as linear (exp(ky) → gy) or, if one considers extremely high towers, according to the 1/r 2 force-law. The closest related ideas and calculations in the literature appear to be related to either the Tsiolkovsky tower or the space elevator [11] suspended from a point in geostationary orbit (in the latter case, the tapering is towards the bottom for obvious reasons). In any case, we were not able to find a treatment of a situation exactly equivalent to ours.
Fortunately, the corresponding equations are simple even in our exotic case. Everything can be derived from an equation relating the vertical forces at heights y and y + δy:
Except for the factor (1 + kδy), this is self-evident: Going down the tower by a distance δy, the force grows by the weight of an additional layer of material. The factor (1 + kδy) comes from the warping: As explained earlier, raising a mass from y to y + δy costs an energy mkδy exp(ky) from the perspective of y = 0. This means that this mass exerts a force mk exp(ky) at any support at y = 0, while it obviously only exerts a force mk at any support at its own height. In other words, vertical forces are subject to warping in the very same way as energies. Thus, the weight of all the tower material above y + δy exerts a force on the surface at height y which is enhanced by a factor exp(kδy) (1 + kδy). This is the content of the first term on the r.h. side of (15) .
With F (y) = pA(y) and p = const. (an optimal tower will have maximal pressure at any layer), one then immediately derives a differential equation for A,
where ρ is constant by assumption. The solution is
Just to prevent any possible confusion: As should be clear from the derivation, this function A(y) characterizes the y-dependence of the cross-section of our tower as a locally well-defined 5d physical quantity. For example, it could be the cross section in 5d Planck units. It is very different from the cross section as measured in the coordinates x µ of (1).
In our analysis of the shape of the tower we have neglected any horizontal force components. This is only justified as long as the tower is a 'thin object', i.e., A(y) does not change too rapidly with y. Quantitatively, this will certainly hold if the angle between the tower surface and the vertical axis is small. Most naively, one would estimate this angle as (minus) the derivative of the tower radius with respect to the height: −[A 1/3 (y)] . However, due to warping this derivative is non-zero even for a vertical tower, i.e. for a tower the surface of which is made from lines at x = const. In fact, the cross section of such a vertical tower is given by A v (y) = A 0 exp(3ky). Thus, when estimating the angle at the base of the tower and requiring it to be parametrically small, we have to do so relative to vertical tower:
This translates into an estimate of the maximal A 0 allowed:
At its tip, our tower can certainly not become thinner than 1/M . Thus, substituting A 1/3 0 from (19) and A(y) 1/3 ∼ 1/M in (17), we eventually find that the maximal height y max is determined by
Note that this is rather similar to our 'floating mirror' result of (8): Since we did not keep track of O(1) factors, the prefactor 3/(4 + ρ/p) accompanying the ratio M/k is most probably irrelevant. The only difference is then in the exponent. For an isotropic 5d radiation gas, which is presumably close to the stiffest possible matter, we have p = ρ/4 and hence an exponent 3/5. This is better than the 1/4 of (8), although we have to remember that we did not try to optimize the shape of the beam in Sect. 2. Thus, the competition between the two 'perfect collider technologies' of Sects. 2 and 3 can not be decided at this level of precision.
It is interesting to note that the approximate agreement arises in spite of the two configurations being distinctly different: The tower we are presently constructing becomes wider towards its base. By contrast, the region of the IR brane from which the photon beam of Sect. 2 is reflected is much smaller than the floating mirror.
Finally, we expect a bound on M 5 arising from the danger of black hole formation at the base of the tower. It is easy to obtain by requiring that the critical radius of (11) is smaller than the width of the tower at its base, given by (19) . One finds
which, for the natural value ρ ∼ M 5 , once again becomes extremely similar to the analogous bound of (13).
Strong coupling appears to be unavoidable
To sum up, we have seen in two independent ways that a perfect collider with energy reach (M/k) α (with α ∼ O(1)) can be built in principle. Since we are using a weakcoupling analysis on the gravity side, the corresponding 4d theory has to be strongly coupled. Let us try to be more precise by recalling that [1] 
in 'proper' AdS/CFT, i.e. in the duality between 4d N = 4 Super-Yang-Mills theory and type IIB string theory on AdS 5 × S 5 . Here λ is the 't Hooft coupling, i.e. the actual control parameter of perturbation theory on the 4d side, and M s ∼ 1/l s is the string scale. Thus, if we were to identify our 'scale of 5d structure' M with the string scale M s , we would find that the energy reach of our collider grows as λ → ∞. By contrast, it approaches unity for λ → 1. In other words, our perfect collider exists precisely because the 4d theory is strongly coupled and it ceases to exist as we approach the boundary between strong and weak coupling. Clearly, this does not exclude the existence of perfect colliders of some totally different type in the weak coupling domain, but it is a hint to the contrary.
We continue the discussion of a possible stringy realization of our 5d collider by recalling that, dimensionally reducing from 10d to 5d on S 5 , we have
This is consistent with the constraint (13) or, equivalently, (21) if one identifies M with M s as suggested above. Unfortunately, there is a different problem with this identification: At the scale M s , we are deeply in the 10d regime since the compactification scale from 10d to 5d is k. Thus, we would either have to redo our 'tower building exercise' in 10d or construct the tower on branes extending along the radial direction of the AdS 5 × S 5 throat. Furthermore, it may be necessary to use a 'structure scale' below M s to avoid back-reaction. We leave the investigation of these interesting questions to future work.
We end this line of thought be recalling that, to introduce an IR scale, all of the above would actually have to be done in a Klebanov-Strassler throat [12] (or one of its variants) rather than in the AdS 5 × S 5 throat. The former has a well defined IR end (an 'IR brane', if one wishes) and can be consistently glued to a Calabi-Yau 4 at its UV end, thereby inducing 4d gravity. It's length is automatically stabilized, which can be viewed as a variant of Goldberger-Wise stabilization [14, 15] . Thus, including the embedding of branes, it might be possible to realize all of the above in almost realistic settings. The trouble is only that, up to now, the LHC gives us very little hope that we actually live in such a geometry with low string scale.
Towards the weak coupling regime
Given that our world is apparently weakly-coupled, it is most interesting to consider implications for the weak coupling regime. Of course, realistic accelerator technology is a highly-developed field of research (see e.g. [17] ) and the present author is completely ignorant in this important field. Hence this subsection only serves to share some vague ideas inspired by the previous 'fundamental' perspective. Three such ideas or potential relations between the strong-coupling and weak-coupling situation are detailed below. Before proceeding, we note that an analysis related in spirit to this subsection has appeared in [3] . In contrast to [3] , our emphasis is on the efficiency of energy conversion rather than on fundamental achievability of Planck scale energies (which we take for granted by linear collider technology, at least in a flat universe and with M 4 → ∞).
Our first point is related to the possibility that, in between the IR and UV brane, other branes [16] (stabilized by the Goldberger-Wise mechanism [14] at certain 5d positions y i ) may exist. Given appropriate 4d field theories on those branes and couplings between these 4d theories and the 5d bulk fields, each brane may serve as a 'base' for the construction of a tower, cf. Fig. 3 . In other words, if the first brane is low enough to be reachable by a tower, a second tower can be constructed starting from this brane. This tower could, in principle, reach yet another brane, and so on. To summarize, it is conceivable that in such a generalized RS model an arbitrarily high energy scale can be reached by a perfect collider.
This peculiar construction has a surprisingly obvious weakly-coupled 4d analog. Indeed, imagine the LHC finds stable TeV-scale charged particles and some future, purposebuilt collider produces them copiously. It is then conceivable to fill a further collider (storage ring) with those particles and accelerate them (very efficiently because of their huge mass and hence small synchrotron radiation) to a much higher energy.
5 If, at this (say PeV) energy, another yet heavier species of stable charged particles is found and can be copiously produced, one may go on and reach the Planck scale (or at least a very high energy scale). While this collider cascade would presumably not be perfect (i.e. η coll.
1 parametrically), it would nevertheless be much better than anything we can imagine without new stable particles. It appears that the collider cascade works for the same reason as the tower cascade described above: If the fundamental theory is not approximately conformal, reaching high energies appears to be more doable, both at weak and strong coupling.
The second connection with 4d weakly-coupled theories is more straightforward: Let us ignore all technical objections and envision an extremely long (built in open space, far away from stars or planets 6 ) linear collider reaching a very high energy scale M U V . In principle, the energetic efficiency of the accelerator part can be close to unity. However, the production of heavy particles (i.e. the collider part) presumably works much less efficiently for the following reason: The quality of beam-focusing may be limited in principle (we will return to this in a moment). Let us assume that there is some minimal area 1/m 2 to which the beams can at best be focused near the interaction point. The cross section for the production of particles of mass M U V is ∼ 1/M 2 U V . Since, due to electromagnetic interactions, the beams are lost after the interaction point, the efficiency with which energy is converted into mass of heavy particles can not be better than
Now, the crucial issue is the value of the 'optimal focusing scale' m. Even if we assume that transverse oscillations of the beam particles can in principle be completely removed by cooling, it is hard to imagine how the focusing scale can ever exceed the mass of those particles. This expectation follows simply from the uncertainty principle and the limitations on the electromagnetic field focusing the beam. (Note that for our purposes we identify electron and proton mass and consider the electromagnetic coupling as an O(1) parameter.) Thus, we identify m in (24) with the 'smallest scale at which we can manipulate structures' (e.g. electron mass etc.). In other words, η coll. falls below unity to the extent that M U V exceeds this 'structure scale'. But this is exactly what the holographic point of view discussed earlier had suggested: In that case, the structure scale of the full theory is the IR-brane structure scale multiplied by the warp factor of the maximal-height tower. This is the mass scale that could be reached by our ideal 'collider'. Anything beyond can only be reached by sacrificing efficiency. According to the above, setups with point-like heavy particles bear some resemblence to systems with negative temperature [18] . Indeed, the transformation of work into thermal energy of a negative-temperature system can be extremely inefficient. This fundamental inefficiency is apparently shared by the transformation of work into mass of heavy particles. To be more specific, let us assume that our heavy particles correspond to energy with negative temperature T 2 . Consider a Carnot cycle with input heat Q 1 at positive temperature T 1 (e.g. ∼ 10
3 K, as in power stations), output 'heat' Q 2 at T 2 , and output work W . Its efficiency,
can be greater than unity. This is intuitive since the negative-temperature system can deliver energy while increasing its own entropy (see e.g. [19] ). It can thus contribute positively to the delivered work, Q 2 < 0, while respecting reversibility (no entropy change, δS = 0). Our previous collider efficiency was that for the transformation of (input) work W to 'heat' at T 2 , corresponding to the reversed process. Hence
This quantity can thus be extremely small as a matter of principle (as conjectured in this paper) if the 'equivalent' temperature of heavy point-like particles is negative and tiny.
Finally, the third connection between the strongly-and weakly coupled situations goes as follows: Let us to try imagine, at least very roughly, what a direct 4d weakcoupling analogue of our 5d-tower would look like. For example, one could think of a spherical mirror inside which a standing wave of electromagnetic energy was trapped. The energy density in this spherical standing wave would have to grow to extreme values as one approaches the center. Let alone the question of how to create a sufficiently perfect mirror and to set up the relevant field configuration, one immediately sees that it could never be stable: The reason is simply that in the inner part (where the energy density would have to be extremely high) electron-positron pairs would be created and escape to the outside. This is just a result of the non-vanishing interaction between UV and IR modes, which is unavoidable in a weakly-coupled local field theory. By contrast, in our tower the highly-concentrated (in 4d language) energy at the tip of the tower is prevented from decaying to IR-brane degrees of freedom by 5d locality. Thus, we here see another hint that the construction of perfect colliders is presumably even harder at weak than at strong 4d coupling.
Conclusions
We have presented some, admittedly rather speculative, ideas concerning the (im)possibility of a perfect collider. Our main technical point was very simple: For theories having a 5d gravity dual, reaching for UV energy scales corresponds to building 5d towers based on the IR brane and pointing to the UV brane. The height of such towers appears to be limited at a rather fundamental level (quite analogously to the limited height of mountains, given the limited strength of granite). We estimated this maximal height and conjectured (given the parametric behaviour of our result) that in 4d weaklycoupled theories it is completely impossible to build a perfect machine (i.e. a machine with energetic efficiency near unity) which transforms energy, starting from the 'structure scale' of our theory, towards the UV.
Clearly, in our holographic approach, accelerator physicists are 'tower builders', struggling with the 5d gravitational potential. The 4d weak-coupling analogue of their problem is apparent: The tendency of massive objects to fall translates into the tendency of energy to transfer from the UV to the IR in conventional QFT.
Many interesting questions are still open: For example, it remains to be proven that, in a slice of AdS with a certain 5d lagrangian, it is truly impossible to build an arbitrarily high tower. Similarly, it has to be clarified whether a tower is really the only or at least the best way to transfer energy reversibly (with efficiency near unity) from the IR brane to an arbitrarily high position above it. It is tempting to speculate that the presently very popular concept of holographic entanglement entropy (see e.g. [20] [21] [22] ) has something to do with this: Obviously, by transferring energy to the UV we concentrate it in a small 4d area, with a low entanglement entropy. This is nicely visualized as concentrating the energy inside the minimal surface measuring the entanglement according to [20] .
Also independently of the holographic interpretation, entanglement entropy may be relevant. For example, an extreme growth of entanglement entropy in particle decay (taking the perspective of one of the decay products) has been obtained in the analysis of [24] . But particle decay is just the inverse of particle production in a collider. Thus, one may hope that the difficulties in constructing (even in a Gedankenexperiment) a perfect collider can be understood, at the fundamental level, as follows: Such a collider creates very energetic states with near-zero entanglement entropy (the very heavy, pointlike particles to be produced). This may be impossible with high energetic efficiency due to limitations analogous to those familiar from the Carnot cycle and its standard entropy-based analysis. 7 Thus, an 'entanglement entropy analysis' of an ideal machine transforming (macroscopic, entropy-free) work into heavy point-like particles may be worthwhile. Alternatively, as we discussed in some detail, a more direct Carnot-type obstruction to perfect colliders arises if one can argue that settings with heavy point-like particles correspond to negative-temperature systems.
Finally, returning to the holographic perspective, the following consideration appears interesting: Envision a universe with structure, planets, live etc., but with a relatively large cosmological constant. If the de-Sitter curvature is high enough, it may prevent the construction of a very long linear accelerator as a matter of principle (see [3] for related arguments). Let the field theory in addition be strongly coupled, with a gravity dual of the type of a Randall-Sundrum model. In that situation also the construction of sufficiently high 5d tower (as detailed in the paper) may be impossible. As a result, reaching the UV or Planck brane may be ruled out altogether. This could be a fundamental obstruction to unraveling microscopic details of 4d quantum gravity -a 'UV protection' mechanism reminiscent of [25] , but different at the technical level.
8 Thus, a world in which the UV completion of its field theory is absolutely protected from observation (and hence not part of physical reality) may be conceivable. We find it intriguing to think that this form of 'UV protection' is due to the overwhelming force of gravity in the dual AdS geometry.
